Introduction {#Sec1}
============

Dental implants have become increasingly accepted as the preferred method for the treatment of missing teeth^[@CR1]^; however, bone deficiency caused by inflammation, as can occur with granulation tissue, can threaten implant success rates^[@CR2]^. A growing number of studies have shown that guided bone regeneration (GBR) technology can effectively restore the height and fullness of the alveolar bone, which can have a barrier function by preventing fibroblast cells and epithelial cells ingrowth into the bone defect site, and increase bone regeneration by increasing osteoblast attachment and proliferation^[@CR3]--[@CR5]^.

A variety of biological materials currently on the market are applied in GBR, including non-biodegradable polytetrafluoroethylene (expanded polytetrafluoroethylene), which requires a second surgery to remove, so that infection and membrane exposure are risks^[@CR5],\ [@CR6]^. Many researchers have thus focused on biodegradable membranes. Studies have shown that Bio-Gide® is a conventional biodegradable membrane with good biocompatibility, low antigenicity, sufficient mechanical properties, and a proper degradation profile^[@CR7]^. But, all barrier membranes commercially available lack of osteoinduction which will greatly promote new bone regeneration and bone remodeling. Now, a composite functional GBR membrane is desired. The point is to combine the osteoinductive factors with the biodegradable materials in a biocompatible way and keep the inducer released sustained and controlled.

Icariin (ICA; C~33~H~40~O~15~; molecular weight: 676.67) is the main active ingredient in the extraction of total flavonoids from the Chinese herb *Epimediumbrevicornum* Maxim^[@CR8]^. ICA has many important physiological activities, such as promoting the proliferation and differentiation of osteoblasts to protect against metabolic bone disease, along with immune regulation and anti-tumor activity^[@CR9]^. Studies have found that ICA can treat bone loss in postmenopausal women and restore bone strength associated with bone marrow stromal cell differentiation into osteoblasts via enhanced expression of osteoprotegerin and bone morphogenetic protein^[@CR10]^. Ultimately, ICA significantly inhibits osteoclast formation^[@CR11]^; therefore, it is considered an osteogenic inducer for bone tissue engineering. Our previous studies have found that ICA can significantly promote the proliferation and osteogenic differentiation abilities of human periodontal ligament stem cells both *in vitro* and *in vivo* ^[@CR12]^.

Coaxial electrospinning is a simple and effective method for preparing scaffolds with nanometer or submicron fibers, which has gained broad application in tissue engineering and drug delivery systems^[@CR13]^. The coaxial electrospinning scaffolds with a high surface-to-volume ratio can promote cell attachment, achieve drug loading, and demonstrate sustained and controlled local drug delivery^[@CR14]^. Previous studies have shown that some biomolecules can be successfully encapsulated in the nanofibers while the biomolecule bioactivity is retained and that the diameter of the fibers can be controlled by tailoring parameters in coaxial ectrospinning technology. Thus, in this study, we fabricated the ICA-SF/PLCL nanofibrous membrane by coaxial electrospinning.

Silk fibroin (SF) is a natural structural protein with good biological characteristics, such as good cell adhesion, controllable degradation, mechanical strength, permeability, and resistance to enzymatic degradation^[@CR15]^. It has been extensively researched for tissue engineering and controlled drug delivery systems^[@CR16],\ [@CR17]^. Thus, the ICA-SF/PLCL coaxial electrospinning nanofibrous membrane was used for the GBR membrane in this study. Although various studies of GBR membrane promotion of bone regeneration have been conducted^[@CR18]--[@CR21]^, the combination of GBR technology, coaxial electrospinning technology, and growth factors to promote bone regeneration has rarely been reported. Research have found that rhBMP-2 as a growth factor could be successfully contained in a coaxial electrospinning nanofibrous membrane, which realized sustained drug-release and preserved biological activity. The membrane served as not only a GBR membrane *in vivo* but also a biodegradable scaffold for tissue engineering^[@CR22]^.

The objective of this study was to develop an osteoinductive membrane used in GBR to promote bone regeneration with sustained release of ICA. The parameters during the coaxial electrospinning process were confirmed by our previous work^[@CR23]--[@CR26]^, and the physical and mechanical properties, degradation, drug release, and effect on bone regeneration *in vitro* and *in vivo* were evaluated.

Materials and Methods {#Sec2}
=====================

Preparation of coaxial electrospinning nanofibrous membrane {#Sec3}
-----------------------------------------------------------

*Bombyx mori* cocoons (Jiaxing Silk Co., Ltd., Jiaxing, China) were degummed in 0.5% (w/v) Na~2~CO~3~ solution at 100 °C twice for 1 h, washed with distilled water three times to remove sericin, and then dried at 50 °C for 12 h. After being dissolved completely in a ternary solvent system of CaCl~2~/CH~3~CH~2~OH/H~2~O (mole ratio 1/2/8) at 80 °C, the SF solution was dialyzed in ultrapure water for 3--5 d at room temperature and filtered and freeze-dried for 24 h to obtain regenerated SF sponges. After that, the SF/PLCL (weight ratios 30:70; PLCL, M~W~ = 1,000,000; provided by Nara Medical University, Japan) was dissolved in HFIP (Daikin Industries, Ltd., Japan) at room temperature at a concentration of 8 w/v% under magnetic stirring for 6 h. The obtained solution was used as the shell layer solution, and 10^−5^ mol/L ICA (Bio-function Co., Ltd., Beijing, China, according to our previous study^[@CR23]--[@CR25]^ was used as the core layer solution. The two solutions were placed in two 10 mL syringes with a high-voltage power supply (15 kV; DW-P503-1ACDF; Beijing, China). For the advancing velocities of the shell and core, 1.0 mL/h and 0.1 mL/h were chosen, respectively. Aluminum foil was used as a collector that was 15 cm away from the needle. All electrospinning processes were carried out at room temperature with a relative humidity of 50 ± 6%. The nanofiber membrane lacking ICA (SF/PLCL membrane) was similarly fabricated as a control. The membranes were then crosslinked by glutaraldehyde (GTA; Sinopharm Chemical Reagent Co., Ltd., China) solution (25%) for 48 h and vacuum dried.

Characterization of the ICA-SF/PLCL nanofibrous membrane {#Sec4}
--------------------------------------------------------

In this section, we used 7 methods to evaluate the physical, chemical and mechanical properties^[@CR26],\ [@CR27]^.

### Scanning electron microscopy (SEM) {#Sec5}

The samples (3 × 3 mm) of ICA- SF/PLCL and SF/PLCL for SEM were vacuum dried and coated with gold for 60 s before observation (JSM-4800; JEOL, Tokyo, Japan) at a voltage of 10 kV. The fiber diameters were measured at 100 random locations (Image J software, National Institutes of Health, MD, USA).

### Transmission electron microscopy (TEM) {#Sec6}

The core--shell structure of the nanofibers was verified at 100 kV (TEM: FEI Tecnai F3, USA). The samples of SF/PLCL and ICA- SF/PLCL were prepared by depositing the fabricating fibers onto copper grids followed by vacuum drying for 7 d prior to TEM imaging.

### X-ray diffraction (XRD) pattern {#Sec7}

XRD analysis was conducted to determine the crystal structure of matter. The curve was obtained on an X-ray diffractometer (D/Max-2400; Rigaku, Tokyo, Japan) with a scanning speed of 6°/min at 40 kV/150 mA.

### Contact angle measurement {#Sec8}

The water contact angle measurement was used to test the hydrophilicity of the membrane. A contact angle metering system (developed by the College of Chemistry and Chemical Engineering, Lanzhou University, China) was used to evaluate the wettability of the ICA-SF/PLCL nanofibrous membrane. After 0.03 mL of distilled water was dropped carefully onto the membrane (20 × 30 mm) surface, the angles between the water droplet and the membrane surface were measured after 5 s. Five sites were tested for each sample, and the average value with standard deviation is reported.

### Tensile strength tests {#Sec9}

The mechanical properties of the ICA-SF/PLCL nanofibrous membrane were tested using a universal material tester (ANS CMT8102, Hounsfield, UK). Five samples (10 × 30 mm) fixed with two clamps were tested, and the stress--strain curve was developed under application of a 10 N tensile load and tensile speed of 1 mm/min. The mean values are presented.

### Drug release profiles *in vitro* {#Sec10}

All of the squared membranes were sterilized with ultraviolet light for 1 h on each side and immersed in 30 mL phosphate-buffered saline (PBS; 0.05 M, pH 7.4). The test was performed on a shaking incubator at 37 °C at 100 rpm^[@CR23]^. At time points of 1, 2, 3, 4, 5, 10, 15, 20, 25, and 30 d, 5 mL of medium was taken out to determine ICA concentrations (ë~max~ = 270 nm) using a UV--vis spectrophotometer (UV 2600, Shimadzu, Japan), and was refilled with another 5 mL of fresh PBS. The amount of ICA released from the ICA-SF/PLCL nanofibrous membrane was calculated and the cumulative release curve was generated.

### Biodegradation of the nanofibrous membrane *in vitro* {#Sec11}

The samples (10 × 10 mm) were soaked in 20 mL PBS (pH 7.4) on a shaking incubator at 37 °C at 100 rpm. The morphology and tensile strength of the samples during degradation process were measured by SEM and tensile strength tests, respectively.

***In vitro*** experiments {#Sec12}
--------------------------

### Isolation, culture and id﻿﻿entification of BMMSCs {#Sec13}

The bone marrow mesenchymal stem cells were isolated from Sprague--Dawley (SD) rats (female, age 3--4 weeks, 80--100 g, from the Experimental Animal Center of Lanzhou University). The primary BMMSCs were isolated and cultured according to a previously reported protocol with minor modifications^[@CR24]^. Cells were incubated in low-glucose Dulbecco's modified Eagle's medium (L-DMEM) (HyClone, USA) containing 10% fetal bovine serum (FBS) and 100 U/mL penicillin/streptomycin (Gibco) at 37 °C under 5% CO~2~. Half of the liquid volume was renewed after 24 h and completely replaced after 48 h, followed by medium replacement every 48 h. The unattached cells were discarded by refreshing the medium, and cells of passage 3 were used for identification ﻿(Table [S1](#MOESM1){ref-type="media"}, Fig. [S1](#MOESM1){ref-type="media"}) and the subsequent experiments.

### The activity of released ICA on osteogenic differentiation of BMMSCs {#Sec14}

The grouping of this experiment is: i) Test group, BMMSCs cultured in ICA-SF/PLCL membrane--released medium group, ii) Control group, BMMSCs cultured in normal culture medium group, and iii) Blank control (no cells group). P3 BMMSCs were seeded onto plates at a density of 1.0 × 104 cells/mL and the culture medium containing released ICA from the membranes with concentration of 10^−6^ mol/L was added. The control group was cultured with normal medium. Then, the BMMSCs were cultured at 37 °C with 5% CO~2~ without passage and the medium was changed every 48 h. At 14 d after culturing, the P3 cells were fixed with 4% paraformaldehyde and stained with 2% Alizarin Red S (Genmed Scientifics Inc., USA) for 30 min at 37 °C for detection of calcium accumulation.

At time points of 3, 7, and 14 d, respectively, BMMSCs were lysed by 0.1% TritonX-100 (Ambion, by Life Technologies) and the intracellular ALP activity measured by p-nitrophenyl phosphate using an ALP assay kit (Nanjing, Jiancheng Bioengineering Institute, Nanjing, China) according to the provided instructions. The absorbance was determined at 520 nm using an enzyme-linked immunosorbent assay reader (Elx 800, Bio-Tek, Winooski, VT, USA), and data were normalized for total protein content using Bradford's law.

### Seeding and morphology of BMMSCs on the membranes {#Sec15}

Before BMMSCs (passage 3, got from 2.3.1) were seeded onto the ICA-SF/PLCL nanofibrous membranes at a density of 1.0 × 10^4^ cells/well in 24-well plates under the pressure of a metal loop, the membranes (10 × 10 mm) were sterilized with ultraviolet light for 1 h on each side, washed with PBS three times, and then immersed in complete culture medium (L-DMEM containing 10% FBS and 100 U/mL penicillin/streptomycin) at 37 °C overnight. The cell--membrane constructs were incubated at 37 °C under 5% CO~2~ and the medium replaced every 48 h. After 5 d, the constructs were washed with PBS three times, fixed with 2.5% GTA for 1 h, dehydrated in a series of graded ethanol (30%, 50%, 70%, 90%, 95%, and 100%, 1 h each), and dried under vacuum. The dried samples were sputter-coated with gold for 60 s and observed by SEM (S-3400N; JEOL, Tokyo, Japan).

### Cytotoxicity testing of the ICA-SF/PLCL nanofibrous membrane {#Sec16}

The cytotoxicity of the membrane to BMMSCs was evaluated by the MTT assay (Sigma, USA)^[@CR23]^. BMMSCs (1.0 × 10^4^ cells/well) were seeded onto 96-well plates and incubated overnight in L-DMEM containing 10% FBS, and the membranes (5 × 5 mm) were added to each well. At the time points of 1, 3, 5, and 7 d, 20 μL MTT solution (5 mg/mL in PBS, pH 7.4) was added instead of the medium, and the membranes were discarded. Then, 150 μL dimethyl sulfoxide (Sigma, USA) was added to each well and the assay processed after dissolution of crystals by oscillation for 30 min. Cells in complete culture medium with no membrane were used as control. Six parallel wells were used for each group. The results were detected by an enzyme-linked immunosorbent assay reader (Elx 800, Bio-Tek, Winooski, VT, USA) at 490 nm.

In vivo implantation {#Sec17}
--------------------

### Surgery procedure {#Sec18}

Twenty-seven healthy adult male SD rats were randomly divided into three groups, (i) test group (defect covered by ICA-SF/PLCL nanofibrous membrane, n = 3); (ii) negative control group (defect covered by SF/PLCL membrane, n = 3); (iii) and blank control group (defect covered with no membrane, n = 3). All surgeries were carried out aseptically, as follows: After the animal was placed under general anesthesia with 10% chloral hydrate (0.35 mL/100 g body weight), a mid-sagittal incision through the skin was created, the forehead was shaved and disinfected with iodine scrubs, and a full-thickness flap was elevated to expose the cranium completely. Then, by using a slow-speed dental drill (ROTEX782E, DENTAMRICA, USA) with abundant cool saline, a complete round defect 8 mm in diameter was created where the membranes (12 × 12 mm) were implanted and the defect was fully covered. The surgery region then was washed with normal saline and the soft tissue was repositioned before suturing layer by layer to achieve primary closure. After surgery, all animals were allowed to recover on a warm sheet and then transferred to the vivarium for postoperative care (Fig. [1](#Fig1){ref-type="fig"}).Figure 1The animal experiment surgery procedure. (**A**) The preparation of SD rats for membrane implantation. (**B**) A complete defect was created on the cranium. (**C**) Implanting of the membrane and complete coverage of the defects. (**D**) Repositioning of the soft tissues and suturing layer by layer.

### Micro-computed tomography (μ-CT) evaluation {#Sec19}

At the time points of 4, 8, and 12 weeks post-surgery, animals were euthanized and the calvarial tissues harvested and fixed in 4% paraformaldehyde. The samples then were evaluated using an animal μ-CT scanner (Quantum FX, PerkinElmer, Hopkinton, MA, USA) in high-resolution scanning mode at 90 kVp, 200 μA, field of view 72 mm, and 4.5 μm resolution. The images and data were analyzed using the μ-CT image analysis software (Skyscan, Kontich, Belgium), including measures of the mean volume of new bone and the bone mineral density.

### Histological analysis {#Sec20}

All fixed samples were decalcified, dehydrated, embedded in paraffin, and sliced at 4 μm thick parallel to the sectioned surface. Tissue sections were stained with hematoxylin and eosin (Nanjing Jiancheng Biotechnology Institute) for morphological evaluation and observed by optical microscopy (Olympus, IX 70, Japan). Areas of newly formed bone in each of the measured locations were quantified by using Image J software (National Institutes of Health, MD, USA), and the ratio of new bone area to the total defect area also was calculated.

Statistical analysis {#Sec21}
--------------------

Statistical analysis was performed using SPSS ver. 17.0 software. All quantitative data are expressed as mean ± standard deviation. Statistical differences among the groups were assessed by one-way analysis of variance (ANOVA). A p value \< 0.05 was considered statistically significant.

Institutional Animal Care Committee of School of Stomatology in Lanzhou University has approved all the methods above for the care, maintenance, and treatment of animals in the present study. Furthermore, all experiments were performed in accordance with relevant guidelines and regulations.

Results {#Sec22}
=======

Characterization of the ICA-SF/PLCL nanofibrous membrane {#Sec23}
--------------------------------------------------------

### SEM {#Sec24}

The SEM images of ICA-SF/PLCL and SF/PLCL nanofibrous membranes (Fig. [2A1,A2,B1,B2](#Fig2){ref-type="fig"}) showed uniformly distributed fibers with continuous, smooth, and homogeneous porous structures with no beads formed. As was shown in Fig. [2C1](#Fig2){ref-type="fig"}, the ICA-SF/PLCL fibers exhibited a typical core-shell structure while the fibers in SF/PLCL did not (Fig. [2C2](#Fig2){ref-type="fig"}). Furthermore, the mean diameter of the fibers in ICA-SF/PLCL group was 451.57 ± 80.33 nm, ranging from 200 to 700 nm (Fig. [2D1](#Fig2){ref-type="fig"}), and that in SF/PLCL group was 529.61 ± 91.08 nm, ranging from 200 to 700 nm (Fig. [2D2](#Fig2){ref-type="fig"}), respectively, which meant the morphology and the nano-scale structure were not changed by loading ICA.Figure 2Representative SEM and TEM micrographs of the ICA-SF/PLCL and SF/PLCL nanofibrous membrane (scale bars: A1, 10 μm; A2, 2 μm; B1, B2, 5 μm; C1,C2, 100 nm) and (**D**) the diameter distribution histograms.

### TEM {#Sec25}

The TEM images of ICA-SF/PLCL nanofibrous membranes (Fig. [2C](#Fig2){ref-type="fig"}) showed that a distinct boundary along with the fiber axis could be clearly observed, demonstrating the formation of a core--shell structure, indicating that ICA was successfully incorporated into the nanofiber by coaxial electrospinning.

### XRD pattern {#Sec26}

As shown in the XRD curve of the ICA-SF/PLCL nanofibrous membrane in Fig. [3A](#Fig3){ref-type="fig"}, the membrane had new crystalline diffraction peaks appear at about 17.2°, and no other crystalline diffraction peaks were present, demonstrating that the incorporation of ICA had no particular influence on membrane crystallization.Figure 3(**A**) XRD analysis of the ICA-SF/PLCL nanofibrous membrane. (**B**) Representative image of water contact angle of membrane at 5 s. (**C**) Stress--strain curve of membrane and (**D**) Release profile of ICA from the drug-loaded membrane.

### Contact angle measurement {#Sec27}

The hydrophilicity of the membrane is a pivotal influence on cell adherence and proliferation. The water contact angle was measured on the surface of the ICA-SF/PLCL nanofibrous membrane at 5 s (Fig. [3B](#Fig3){ref-type="fig"}) and found to be 125.72 ± 4.93°. Previous studies had confirmed that the water contact angle of the pure PLCL electrospun membrane was 139.57°^[@CR28]^, so the incorporation of ICA improved the hydrophilicity of the hybrid nanofibrous membrane, which is a benefit to tissue regeneration.

### Tensile strength tests {#Sec28}

The stress--strain curve for the ICA-SF/PLCL nanofibrous membrane in Fig. [3C](#Fig3){ref-type="fig"} shows that the tensile strength was 5.54 ± 0.46 MPa, which meets the clinical GBR requirement.

### Drug release profiles *in vitro* {#Sec29}

The ICA release profile of the ICA-SF/PLCL nanofibrous membrane is presented in Fig. [3D](#Fig3){ref-type="fig"}. ICA was released in a controlled manner and the entire release period included two stages: an initial burst release stage (about 47.54 ± 0.06% of the ICA released in the first 5 d), followed by a decreasing and constant release stage (ICA release reached 82.09 ± 1.86%), which represents a sustained delivery model.

### Biodegradation of the nanofibrous membrane *in vitro* {#Sec30}

The morphological changes and the tensile strength at 0, 1, 2, 4, and 6 weeks after degradation of the membranes *in vitro* were tested (Fig. [4](#Fig4){ref-type="fig"}). From the series of SEM images (Fig. [4A--E](#Fig4){ref-type="fig"}), we found that for the drug-loaded membrane, along with the drug released, the fibers appeared broken, and the surfaces of the fibers became increasingly rougher. Some collapse could be observed with incubation for 6 weeks (Fig. [4E](#Fig4){ref-type="fig"}). The tensile strength tests (Fig. [4a--e](#Fig4){ref-type="fig"}) of the membrane showed that with degradation progression, the mechanical properties of the membrane were reduced but adequate to meet the clinical GBR requirement at 6 weeks.Figure 4Morphological changes and tensile strength tests of the core--shell structured nanofibrous membrane during PBS immersion. Membranes were incubated for 0 weeks (**A**, a), 1 week (**B**, b), 2 weeks (**C**, c), 4 weeks (**D**, d), and 6 weeks (**E**, e).

*In vitro* experiments {#Sec31}
----------------------

### The activity of released ICA on osteogenic differentiation of BMMSCs {#Sec32}

Alizarin Red staining and ALP activity assay usually are used as markers of osteogenic differentiation^[@CR29]^. The BMMSCs were cultured in the medium with ICA-released solution. After 14 d, Alizarin Red staining was evident in obvious mineralized deposits (Fig. [5B](#Fig5){ref-type="fig"}), indicating successful osteogenic differentiation of BMMSCs. Figure [5C](#Fig5){ref-type="fig"} also shows that the ALP activity in the test groups rose at 3, 7, and 14 d. All of these data suggested that ICA was released from the ICA-SF/PLCL nanofibrous membrane and present at an effective drug concentration in the culture medium for promoting bone regeneration activity.Figure 5Alizarin Red staining and ALP assay of BMMSCs cultured in ICA-SF/PLCL nanofibrous membrane--released medium. (**A**) Mineralized deposits were not obvious by Alizarin Red staining after 14 d in the control group (x40). (**B**) Mineralized deposits were obvious by Alizarin Red staining after 14 d in the test group (x40). (**C**) ALP activity in the test groups rose at 3, 7, and 14 d. ICA indicates ICA-SF/PLCL drug-loaded nanofibrous membrane group.

### Seeding and morphology of BMMSCs on the membranes {#Sec33}

The morphological changes of BMMSCs adhered to the membrane after 5 d of culture were observed by SEM (Fig. [6A,B](#Fig6){ref-type="fig"}).Figure 6Representative SEM images of BMMSCS--membrane composites after 5 d of culture (Scale bars: (**A)** 30 μm; (**B**) 10 μm) and propagation of BMMSCs cultured on membrane for different periods (**C**). ICA indicates ICA-SF/PLCL drug-loaded nanofibrous membrane group.

### Cytotoxicity testing of the ICA-SF/PLCL nanofibrous membrane {#Sec34}

A drug-loaded membrane is expected to maximize therapeutic activity while minimizing toxic side effects^[@CR30]^. The optical density results from the MTT assay are shown in Fig. [6C](#Fig6){ref-type="fig"}. The values for all groups increased with time at 1, 3, 5, and 7 d, but the relative growth rate showed no significant differences (p \> 0.05), indicating that the membrane did not have obvious adverse effects on the viability of BMMSCs. Thus, the membrane seemed to show no cytotoxicity.

*In vivo* implantation {#Sec35}
----------------------

### Micro-computed tomography (μ-CT) results {#Sec36}

To analyze the osteogenic effect of the ICA-SF/PLCL nanofibrous membrane *in vivo*, 8-mm critical-sized rat calvarial complete defects were created. Membranes were implanted and evaluated by μ-CT at 4, 8, and 12 weeks post-implantation. During the experiment, for all animals, no inflammation or necrosis was identified at the implant sites. μ-CT imaging (Fig. [7A](#Fig7){ref-type="fig"}) demonstrated more bone formation in the ICA-SF/PLCL nanofibrous membrane group compared with controls at 4, 8, and 12 weeks.Figure 7(**A**) μ-CT images of calvarial defects. (**B**) Quantification of percentage of new bone volume and (**C**) density in calvarial defects. \*Significantly higher bone formation compared with control (note: \*p \< 0.05, \*\*p \< 0.01. SF indicates SF/PLCL membrane group; ICA indicates ICA--SF/PLCL nanofibrous membrane group; The red dotted line depicts the regions of interest selected for analysis).

Quantitative analysis of μ-CT images was performed by observing new bone volume and density within the defects (Fig. [7B,C](#Fig7){ref-type="fig"}). Results revealed that defects treated with ICA-SF/PLCL nanofibrous membrane showed healing with approximately 1.08 ± 0.48 mm^3^ and 1.04 ± 0.46% new bone volume and density, respectively, after 4 weeks of implantation. The level of new bone formation did not differ significantly between the test groups and the negative controls, and the blank control group showed almost no new bone formation. After 8 weeks of implantation, new bone formation was observed in all groups, compared to the negative control and the blank control groups, the test group showed a significant increase in healing, with 6.09 ± 1.27 mm^3^ bone volume and 6.43 ± 0.17% bone density, respectively.

There were no significant differences between the test group and the blank control group (p \> 0.05). At 12 weeks after implantation, although all groups exhibited bone formation, in the test group, it had spread to cover most of the defect region, with volume and density healed of approximately 15.95 ± 3.58 mm^3^ and 14.02 ± 0.93%, showing the fastest and greatest bone formation; bone formation in the blank and negative control groups was limited to the center or at the osteotomy margins. Thus, we confirmed the activity of ICA released from the membrane *in vivo*.

### Histological analysis {#Sec37}

The new bone formation was further characterized by histological examination at 4, 8, and 12 weeks post-surgery, and the ratio of new bone area to the total defect area was calculated (Fig. [8B](#Fig8){ref-type="fig"}). At 4 weeks post-operation, some new bone was observed in both the test and negative control groups, but in the blank control group, the defects were filled with soft tissue and minimal bone formation. At 8 weeks post-operation, the test group exhibited faster and more effective osteogensis than the negative or blank control group. In the blank control group, a mass of fibrous connective tissue was observed. At 12 weeks post-operation, the new bone area ratio was significantly higher in the test group than in other groups. In the negative control group, new bone filled the defect but was mixed with fibro-adipose tissue. The blank control group had only some limited fibrous connective tissue.Figure 8Histological analysis of bone formation in calvarial defects. (**A**) Hematoxylin and eosin staining images of calvarial defects. Scale bar = 0.2 mm. (**B**) Quantification of percentage of new bone area in calvarial defects. \*Significantly more bone formation compared with control (\*p \< 0.05, \*\*p \< 0.01). (CT indicates connective tissue; MB indicates mineralized bone matrix; OE indicates osteoectomy edge. SF indicates SF/PLCL membrane group; ICA indicates ICA-SF/PLCL nanofibrous membrane group).

Discussion {#Sec38}
==========

Our previous work and that of others showed that during the coaxial electrospinning process, the flow rate, receiving distance, electric current, and other spinning parameters can influence the diameter of the fiber. All the parameters chosen were optimized by our previous work. The results showed that the membrane fabricated was nano-scaled and TEM showed the fiber exhibited an obvious core--shell structure. Evaluation of the position of the diffraction peaks by XRD analysis can allow detection of the crystal structure of the matter^[@CR31]^. The conformation study had yielded crystalline diffraction peaks of silk fibroin (Silk I) located at 12.2°, 19.7°, 24.7° and 28.2°^[@CR32]^, and the characteristic peaks of pure PLCL electrospun membrane located at about 23.7°^[@CR33]^, respectively. Silk I has a poor conformational regularity and can be destroyed easily while Silk II is characterized by a β fold, has a relatively good conformational regularity, and is relatively stable. Crosslinked by 2.5% GTA solution, the structure of the ICA-SF/PLCL nanofibrous membrane had changed the α helix into a β fold, and the crystallinity was reinforced^[@CR34]^. The structure of SF is similar to that of the extracellular matrix, it is a good candidate as a cell scaffold among natural polymers^[@CR17]^, but it is breakable. In this study, added PLCL greatly improved the mechanical properties of the nanofibrous membrane. Data confirmed that this ICA-SF/PLCL membrane had good morphological characterization and suitable physical, chemical and mechanical properties.

It is essential to supply an effective drug concentration, and to circumvent systemic side effects, a drug delivery system to release drugs into target sites at a steady rate is desired^[@CR14]^. The formation of a distinct boundary can be theoretically analyzed as described previously^[@CR25],\ [@CR28]^. During the coaxial electrospinning process, under the influence of high voltage and electric force, the time of shell/core layer spinning solution bending instability is much shorter than that of diffusion spreading. Simultaneously, ICA, the bigger molecule, is inclined to move toward the inner part of the nanofiber and be encapsulated in the fiber. Therefore, coaxial electrospinning can realize drug loading and achieve the purpose of sustained and controlled local drug delivery. The mechanism of ICA released in a controlled manner and the two stages entire release period is explained mainly by two considerations^[@CR35],\ [@CR36]^, diffusion and degradation of the polymer. The drug is initially released from the membrane by diffusion in the fiber surface. Subsequently, with the scouring effect of dissolution medium on the fiber surface, once the membrane was incubated in the release media, some small pores appeared on the surface of the fibers. The drug was released through the pores, resulting in the subsequent slow and relatively steady release rate. Naturally, drug diffusion into the dissolution medium is also affected by the shell thickness. Under the effects of these factors, the ICA-SF/PLCL nanofibrous membrane showed a steady and sustained drug release.

Implantable material is desired to degrade as the replacement produced by natural tissue develops simultaneously^[@CR37]^. Material degradation speed is an important factor to consider in tissue engineering^[@CR38]--[@CR40]^. If the degradation of the scaffold is too rapid, the cells would not proliferate well and secrete sufficiently new matrix^[@CR38]^. However, the degradation should not be too slower than new bone formation otherwise the rest materials will influence the homogeneity and biological function of the regenerated bone^[@CR41]^. GBR require a membrane not to degraded too fast to maintain a stable space beneath for new bone formation. In the present study, the fibers became increasingly rougher and the tensile strength decreased within 6 weeks along with the drug released. The membrane's morphology changed but exactly meeting the clinical GBR requirement at 6 weeks.

The nano-scale structure of the fibers is similar to the natural extracellular matrix. It has a high surface-to-volume ratio and could improve cell attachment^[@CR24],\ [@CR42]^. Simultaneously, fibers cross-formed pore structures that allowed sufficient permeability to nutrients and gas exchange for the regenerated tissue^[@CR43]^. The morphology of combination of BMMSCs and fibers exhibited a biocompatible property of the membrane. SEM established that cells are tightly anchored along the fibers of the membrane, with cytoplasmic processes emitted and spread in all directions, suggesting that the membrane offered an ideal scaffold for cell adhesion and growth with good biocompatibility; cell proliferation *in vitro* was similar to that *in vivo*. Moreover, we found that the cells proliferated on the surface without invading the internal part of the membrane, showing excellent barrier function which is the main point of the current GBR technology.

The present study demonstrated that ICA-SF/PLCL fibers can significantly promote the osteogenesis of BMMSCs *in vitro* and repair bone defect *in vivo*. As the only active factor, ICA could be successfully delivered and released in a controlled manner. Its contribution to osteogenesis have been studied by many researchers (some were mentioned in the part of introduction). Our team has been concerned about the role of ICA in promoting osteogenesis and our previous studies have confirmed that ICA can significantly promote the proliferation and osteogenic differentiation abilities of human periodontal ligament stem cells both *in vitro* and *in vivo* ^[@CR12]^. Zhang studied the effect of icariin on the activity of osteoblasts and osteoclasts in the co-culture system. The results showed that ICA could promote the osteogenic activity of mouse osteoblast of MC3T3-E1 cells and inhibit the mouse osteoclast activity of RAW264.7 cells, NF-κB gene and protein expression of osteoclast RAW264.7 were significantly decreased^[@CR44]^.

Liming Xue found that twenty three proteins in bone femur, and 8 metabolites in serum, were significantly altered and identified in ICA treatment group, Related to bone remodeling, Ca^2+^ signaling *et al*. The cytoskeleton of both osteoblast and osteoclast in icariin-treated group were enhanced while the inhibition of collagenolytic activity of cathepsin K, mRNA expression of MMP-9 and protein expression of ERK in osteoclast were not detected. Their conclusion was that icariin is multi-targeting compounds for treating bone remodeling. Its function on inhibition of osteoclasts differentiation mainly through OPG/RANKL signal and MAPK signal. ICA also could reduce the number and activity of osteoclasts^[@CR45]^.

Other researchers demonstrated that ICA could activate the proliferation and differentiation of osteoblast and inhibit the differentiation and bone resorption enzymes to regulate bone resorption^[@CR46]--[@CR49]^. All these results presented are consistent with the findings in our study. ICA could be a strong positive inducer for bone regeneration by regulating both osteoblast and osteoclast.

Conclusion {#Sec39}
==========

We successfully fabricated an ICA-SF/PLCL nanofibrous membrane by coaxial electrospinning as an osteoinductive GBR membrane to promote bone regeneration. ICA was incorporated into the nanofiber without loss of structural integrity or change in functionality. *In vitro* osteogenic differentiation and *in vivo* implantation experiments indicated that the membrane could effectively deliver ICA in a sustained manner and significantly promote bone regeneration with no cytotoxicity. Thus, coaxial electrospun technology could be an effective way to fabricate membranes for osteoinductive GBR and that the ICA-SF/PLCL nanofibrous membrane is a promising biomaterial for GBR in dental implants.
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